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The structure of stircast AI-6Cu* 

J. M. M. MOLENAAR, F. W. H. C. SALEMANS,  L. KATGERMAN 
Laboratory of Metallurgy, Delft University of Technology, Rotterdamseweg 137, 
2628 AL Delft, The Netherlands 

A series of batch-type stirring experiments have been performed to investigate the 
morphological changes in the growth of the primary solid phase in AI-6Cu (AI- 
6wt% Cu), as a function of the cooling rate and the rotational speed of the stirrer. 
The experiments show, that the cell-spacings of primary particles in stircast micro- 
structures increase as a result of stirring, when compared to secondary dendrite arm 
spacings in the unstirred alloy. This result can be explained regarding heat transport 
during solidification. It is suggested that the solid-liquid interface of floating 
crystals in bulk metal liquids is cellular. 

1. I n t r o d u c t i o n  
Stircasting (also termed rheocasting) is a casting 
process, in which metal slurries are cast at tem- 
peratures in the liquidus-solidus region, under 
mechanical stirring [1]. From extensive investi- 
gations of the behaviour and structure of semi- 
solid metal slurries [2 5], the most important 
observations were: (1) when metal alloys are 
vigorously agitated during solidification, the 
solid which forms has a special non-dendritic 
structure, (2) semi-solid metal slurries behave as 
thixotropic fluids. 

During stircasting, the solidification takes 
place in two stages. In the first stage, the solid 
nucleates during vigorous agitation, and grows 
relatively slowly until a fraction solid of 0.40 to 
0.60. Then, agitation is terminated, and the 
second stage sets in, where the remaining liquid 
solidifies unstirred, usually at a higher rate 
(quench). As a result, stircast structures are 
typically duplex, consisting of a coarse primary 
phase, embedded in a finer dendritic matrix. 

The present investigation was undertaken to 
study the morphological changes in the micro- 
structure of A1-6Cu, induced by stirring. In this 
paper, a description is given of the equipment, 
the experiments and the microstructures. Effects 
of stirring speed and cooling rate on the micro- 
structure are investigated. To this purpose, the 

cell-spacings have been measured in the coarse 
primary phase of stircast structures and com- 
pared with secondary dendrite arm spacings in 
unstirred dendritic structures. The results are 
explained by assuming that solid growth in stirred 
solidification in a bulk metal liquid is cellular. In 
this paper, only a brief discussion of the argu- 
ments is given. In a following paper [6], a 
detailed interpretation of the results is given, 
together with results obtained in similar experi- 
ments performed with an organic analogue 
[7, 81. 

2. Experimental details 
2.1. Melting procedure 
Batch-stircasting experiments were performed in 
an annular space between an inner rotating 
cylinder and an outer cylindrical material-holder, 
as shown in Fig. 1. The radius of the stirrer was 
13 mm, and the annular gap was 3 mm. The 
material-holder was centred inside a cooling 
jacket with small holes, located opposite of the 
charge. The cooling jacket in turn, was mounted 
in an infrared heating chamber. Temperatures 
were measured using chromel-alumel thermo- 
couples, at two locations, as indicated in Fig. 1. 
The temperatures were measured in the semi- 
solid metal slurry via small holes in the material- 
holder. The A1-6Cu alloy was heated in the 

*A1-6Cu refers to the alloy A1-6wt  % Cu, which may also be written as AICu6. 
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Figure 1 (a) Schematic representation of  batch-stircast apparatus. The two encircled sections are shown in detail in (b). (b) 
Detail of  temperature measurement. 

material-holder, to 993K, i.e. to about 80K 
superheat (the liquidus temperature of  this alloy 
composition is 917 K [9]). After having reached 
the desired temperature, stirring and cooling 
started. Cooling was achieved by use of airflow. 
Flow velocities were not known, but different 
cooling rates were obtained using different initial 
over-pressures of  air. The maximum cooling rate 
was achieved with a water/air-suspension, using 
an overpressure of 7 bars. This cooling rate was 
also used for quench purposes. In the sol id-  
liquid region, the cooling rate is not constant. 
Therefore, it is convenient and more appropriate 
to use "solidification time" as a parameter to 
relate the results to. This is in accordance with 
earlier work [10]. In the liquidus region, the 
cooling curves appeared linear, so that cooling 
rates in this region can be used as a reference. In 
subsequent sections, the cooling rate is con- 
sidered high, if (cqT/cqt)liq > 10Ksec - l ,  inter- 
mediate, if (6~T/6qt)liq ~ l Ksec  - l ,  and low, if 
(c~T/at)liq ~ 0.1 K sec-1. 

2.2. Stirring experiments with 
continuous cooling 

A programme of stirring experiments was carried 
out, applying different cooling rates and stirring 
speeds in the solid-liquid region. To investigate 

the effect of the rotational speed of  the stirrer 
upon the microstructure, experiments were per- 
formed at 250, 750 and 1500 r.p.m. In the experi- 
ments performed with the maximum cooling 
rate, stirring was stopped as soon as the tem- 
perature measured by the upper thermocouple 
fell below 893 K. The solidification time was 
taken as the time spent between the recorded 
nucleation event and the eutectic temperature. 
In the experiments in which cooling was initiated 
with air only, quench by water/air-suspension 
was planned at a predetermined temperature. As 
quench set in, the stirrer was stopped immedi- 
ately, and the remaining liquid solidified 
unstirred. 

2.3. Stirring experiments with 
interrupted cooling 

In three experiments, an attempt was made to 
perform "isothermal" stirring for a given period 
of time. The cooling rate was set at maximum in 
the liquidus region. Having arrived at a tem- 
perature in the solid liquid region, the cooling 
was stopped. The semi-solid slurry was then 
stirred "isothermally" for a given time after 
which cooling at maximum rate (quench) was 
continued. The stirring time, or equivalently, the 
solidification time, was measured between the 
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T A B L E  I Temperature drops in S-L-region,  for "iso- 
thermal" stirring experiments 

Stirring time AT 
(sec) (K) 

66 9 
400 12 
680 22 

recorded nucleation event and the moment of 
quench. It must be noted that strictly isothermal 
stirring was difficult to achieve. After nucleation 
(at a certain undercooling), the temperature first 
increased to a maximum just below the liquidus 
temperature, and then decreased slowly. The 
temperature drop between this maximum and 
the moment of quench is given in Table I. 

2.4. Reference experiments 
Two reference experiments were performed, in 
which the samples were not stirred; one with the 
maximum attainable cooling rate, and another 
with natural cooling, i.e. without the use of air or 
water as a coolant. 

2.5. Metallography 
In the reference samples, secondary dendrite 
arm spacings were measured as schematically 
demonstrated in Fig. 2a. A given distance, per- 
pendicular to the growth-direction of the secon- 
dary dendrite arms on a single primary stem, is 
divided by the number of  arms across this dis- 
tance. This procedure has also been used in 
earlier literature [11]. In the stirred specimens, 
the cell-spacings were measured as shown in Fig. 
2b. The cell-spacing is taken equal to the cell-tip 
diameter. 

3. Results 
3.1. Observed microstructures 
At low cooling rates, i.e. when (OT/Ot)liq 
0.1 K sec - 1, the stircast structure of A1- 6Cu is as 
shown in Fig. 3; the primary particles consist of  
agglomerated cells. This is in agreement with 
results obtained earlier by Flemings [2-4] and 
Joly and Mehrabian [5]. The microstructures of 
specimens obtained with "isothermal" stirring 
are similar to those obtained with slow con- 
tinuous cooling. It is observed also that the 
amount  of  liquid entrapped within the primary 
particles decreases with increasing solidification 
time (Fig. 3c and d). This also is in agreement 
with earlier observations [5]. 

(a) 
n-1 

(b) 

Figure 2 Illustration of the measurement of  the secondary 
dendrite arm spacing (DAS) in a dendritic structure (a), and 
in a stircast structure (b). n is the number of  secondary 
dendrite arms. 

At intermediate cooling rates, (6~T/g3t)liq 
1 K sec -I, the stircast structures are as shown in 
Fig. 4. These structures are usually similar to 
those obtained at low cooling rates, however, an 
important difference is the occurrence of so called 
rosette-type particles, see Fig. 4a. Such particles 
were observed before independently by Vogel et 

al. [12], Taha and E1-Mahallawy [13], and 
Apaydin et al. [14]. They were not found in 
slowly cooled samples, probably because they 
are unlikely to survive the high shear rates at 
longer stirring times. It is suggested here, that 
the rosettes represent actually a form of cellular 
growth. Their solidification front shows a strik- 
ing similarity with the cellular growth form [15]. 
This is equally true for the particles observed in 
Fig. 4b. This micrograph does not show rosettes, 
but particles which consist of radially grown 
cells. Obviously, the rosettes are fragmented in 
time, to form other particles with a cellular 
growth front. 

At high cooling rates, (OT/~t)liq > 10 K sec -1, 
the observed stircast structures are as shown in 
Fig. 5. Fig. 5a shows the structure at low magni- 
fication; Fig. 5b shows another sample obtained 
under the same experimental conditions, at 
higher magnification. Often in these structures, 
rosette-type particles can be observed, reduced 
in size when compared to the rosettes observed 
at intermediate cooling rates. The rosettes may 
appear damaged or fragmented by the mechani- 
cal action of the stirrer. Concluding, the follow- 
ing observations have been made: 

1. The stircast structure of  A1-6Cu is non- 
dendritic at all applied cooling rates; it is finer at 
high cooling rates. 

2. At high and intermediate cooling rates, 
both rosette-type particles and particles 
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Figure 3 Stircast structures of  A1-6Cu, obtained at low cooling rates, (63T/at)liq ~ 0.1 K sec- ~ ). The rotational speed of the 
stirrer, and the solidification time in the sol id- l iquid region in each case were respectively: (a) 250 r.p.m., 780 sec, (b) 
illustration of particle countings in (a), (c) 750 r.p.m., 540 sec, (d) 750 r.p.m., 2700 sec. 

consisting of radially grown cells are observed. 
These show a striking resemblance with the 
cellular growth type. 

3. At low cooling rates, i.e. with longer 
stirring times, the particles observed consist of 
agglomerated cells. 
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Figure 4 Stircast structures of AI-6Cu, obtained at intermediate cooling rates, (OT/Ot)liq ~ 1Ksec -1. Stirring speed 
1500 r.p.m. (a) Typical rosette-type particles. Solidification time in S L is 54sec. (b) Primary particles with cellular growth 
front. Solidification time in S-L-region is 400 sec. 

4. The amount  of  liquid entrapped between 
the cells decreases with increasing solidification 
time. 

3.2. Effect of the rotational speed of the 
stirrer 

The effect on structure of  the rotational speed of 
the stirrer was investigated by primary particle 
counting, and by measuring primary particle 
size. Particle countings and particle size 
measurements were made only in samples 
obtained with low and intermediate cooling 
rates, because there is no unambiguous manner 
to distinguish individual particles in samples 
obtained with high cooling rate. An example is 
shown in Fig. 3b. It is sometimes difficult to 
determine which cells belong to a particle. The 
particles are then determined as approximate 
ellipses, with a minor and a major axis. This 
procedure was employed for specimens stirred at 
250, 750 and 1500 r.p.m., of  which examples are 
shown in Fig. 3. By measuring minor and major 
axes, the particle size distributions shown in Fig. 
6 were obtained. The relative frequency of  the 
lengths of  the minor axes is plotted in the 
positive direction, and that of  the lengths of the 
major axes in the negative direction. The results 

are shown for 250 and 1500 r.p.m., for short and 
long stirring times. A similar result, not shown 
here, was obtained from samples stirred at 
750r.p.m. The figure shows that the relative 
frequency of small particles is not significantly 
greater at high stirring speeds. Nor  is the relative 
frequency of large particles significantly greater 
at low stirring speeds. Therefore it is concluded, 
that the stirring speed (shear rate) does not have 
a significant effect upon primary particle size. 

Apart from the particle size distribution, the 
stircast structure is described by the number of  
particles per unit volume. Here, the number of 
particles per square mm, M was determined. The 
results of these countings are listed in Table II. 
In this table, alsofsq, the volume fraction solid at 
the quench temperature was determined, using 
the Scheil equation. To see if the calculated solid 
fraction is meaningful with respect to the 
observed fraction primary particles, the total 
area taken by the particles was measured, 
excluding the dendritic zone on top of  the 
particle surfaces, because it was assumed that 
this zone is formed during quenching. The 
entrapped (intercellular) liquid was included 
only when it constituted a thin film. Thus, the so 
called effective fraction solid was determined, 
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Figure 5 Stircast structures of  AI-6Cu, obtained at high cooling rate, (~3T/~3t)liq > 10Ksec -l .  Stirring speed 1500r.p.m.0 
solidification time in S-L-region 8 sec. (a) Structure at low magnification. (b) Rosette-type particles at higher magnification. 

which is given in Table II as f ,  e. It is found that 
the effective fraction solid can vary between f~q 
and 1.66f~q. This gives an indication of  the 
amount  of  entrapped liquid. In Fig. 7, M, the 
number of  particles per square mm, is shown as 
a function of  the effective fraction solid f~e, for 
different stirring speeds. This figure shows that 
M is not changed at different stirring speeds. So, 
it is concluded, that the stirring speed does not 
have a strong influence on the number of particles 
per unit volume. 

3.3. Cell-spacing in stirring experiments 
The cells of  which the spacings have been 
measured as shown schematically in Fig. 2b, are 

considered as the structural units from which the 
primary particles in a stircast structure have 
apparently agglomerated. Only the spacings of  
the cells which are in contact with the remaining 
"liquid" which surrounds the primary particles, 
were measured. The measurements were made in 
different cross-sections of a cast sample: (1) 
parallel, and near to the surface of the stirrer, (2) 
parallel, and near to the (chilled) surface of  the 
material holder, (3) transverse cross-sections. 
Over a range of  observations, the spacings in the 
different cross-sections were found equal within 
the standard deviation. The average values of  
the cell-spacings are given in the last column of 
Table III. The second and third column give the 

T A B L E  II Number of  particles per square mm, (M), and effective fraction solid, fse, measured under the various 
experimental conditions (fsq is fraction solid at quench temperature, calculated using the Scheil equation). 

Specimen Stirring Solidification Quench fsq f~ M 
number speed time (sec) temperature (mm -2) 

(r.p.m.) (K) 

1 250 228 908 0.38 0.63 3.6 
2 250 420 901 0.53 0~66 5.3 
3 250 780 908 0.38 0.63 7.6 
4 250 1860 893 0.63 0.73 7.5 

5 750 540 896 0.60 0.67 5.3 
6 750 2700 896 0.60 0.62 6.1 

7 1500 360 903 0.49 0.57 3.7 
8 1500 2010 903 0.49 - 5.6 
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Figure 6 Relative frequency distributions of  primary particle size in stircast A1-6Cu. The lengths of  the minor  axes are plotted 
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T A B L E I I I Results of  cell-spacing measurements  

Specimen Stirring Solidification 
number  speed time (see) 

(r.p.m.) 

Average 
cell-spacing 
(#m) 

! 1500 8.4 25 
2 1500 8.8 28 
3 1500 9.0 34 
4 1500 -- 27 
5 1500 - 27 
6 1500 15 29 
7 1500 26 39 
8 1500 36 38 
9 1500 54 54 

10" 1500 66 67 
11 250 228 109 
12 1500 252 103 
13 1500 360 139 
14" 1500 400 153 
15 250 420 123 
16" 1500 680 206 

17 - *  7.0 27 
18 - ~  380 68 

*"isothermal" stirring experiment. 
* Reference experiment (no stirring). 

stirring speed and the solidification time respec- 
tively. In Fig. 8, the average cell-spacings are 
plotted as a function of the total solidification 
time. It is assumed that the points are on a 
straight line in a double logarithmic graph, in 
correlation with work by Bower et al. [16] and 
Kattamis et al. [17, 18]. Using the least squares 
method, the following relation was found: 

log ( d )  = 0.42 log t s + 1.01 (1) 

where ( d )  is the cell-spacing (am), and ts is the 
solidification time (sec). The slope of this line is 
approximately equal to that of Bower's line 
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Figure 7 Number  of particles per square mm,  M, plotted as 
a function of  the effective fraction solid, f,e. Stirring speeds 
of  e250,  �9 750 and v 1500 r.p.m. 

(0.39 [16]), which is also shown in Fig. 8, for 
comparison (solid line). Relation 1 is valid for all 
stirring speeds applied, which implies that the 
cell-spacing is independent of the stirring speed. 
Fig. 8 shows that the cell-spacing of the primary 
solidified phase in the stirred samples is greater 
than the secondary dendrite arm spacing in non- 
stirred samples, at equal solidification times. 

Note finally, that the total solidification time, 
for the stirred samples is equivalent with the 
local solidification time as defined with Bower's 
result. This requires some further explanation. 
In Bower's work [16], the local solidification 
time is defined as the time required by the 
growth front to pass a distance equal to the 
length of the mushy zone. In stircasting, the 
mushy zone is extended to the total volume of 
the stirred semi-solid slurry. Therefore, the total 
solidification time (which is approximately equal 
to the stirring time) is equivalent with the local 
solidification time for a primary particle. 

3.4. Secondary dendrite arm spacing in 
reference experiments 

The structures of the reference samples (not 
stirred) are shown in Fig. 9. In these structures, 
the secondary dendrite arm spacing ( D A S )  was 
measured, as described in Section 2.5. In Fig. 8, 
the secondary D A S  measured as a function of 
the total solidification time, is compared to the 
cell-spacings measured in the stirred samples. It 
is seen that the points of the reference experi- 
ments lie somewhat below Bower's line. This 
result is expected, because in the non-stirred 
samples the local solidification time is actually 
smaller than the measured total solidification 
time. 

4. D i s e u s s s i o n  
Vogel and Cantor [19] have shown theoretically, 
that stirring destabilizes the solid-liquid inter- 
face of a primary crystal growing in a bulk 
liquid, and thus favours the dendritic type of 
growth. Therefore, secondary dendrite-arms 
which are detached in early stages of solidifi- 
cation, are expected to continue to grow den- 
dritically. However, stircast structures observed 
up to date are typically non-dendritic. As an 
explanation, Doherty et al. [12, 20] have 
suggested a dendrite fragmentation mechanism, 
in combination with a stabilizing influence, 
which arises from the interaction of thermal 
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Figure 8 Cell spacing in stircast structures 
plotted as a function of the total solidification 
time. Squares indicate average cell-spacings 
obtained i n stirring experiments, for which the 
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the least squares method. Triangles represent 
results of reference experiments (non-stirred 
samples). Bower's result (solid line) is shown 
for comparison. 

diffusion fields of fragmented particles. These 
authors [19, 20] clearly assume, that stirred sol- 
idification of metal alloys is dendritic in the 
initial stage. However, the results presented here 
indicate, that the growth of primary particles is 
not dendritic, but cellular, already in an early 
stage of the solidification. Experimental evidence 
in support of this, are the rosette-type particles, 
see Fig. 5b, and particles which consist of 
radially grown cells, such as in Fig. 4b. These 
particles have apparently grown "spherically" 
cellular. The increased cell-spacings observed in 
stircast structures, are in agreement with this 
assumption when interpreted as a consequence 
of a more stable morphological type of growth. 
The cellular growth type of solid in the bulk 
of stirred metal liquids can be made further 
plausible on the basis of qualitative arguments. 
The Prandtl-number of liquid metals is small 
(~  0.01), indicating that the thermal boundary 

layer of a primary particle is much greater than 
its hydrodynamic boundary layer. As a result of 
convection, temperature differences across the 
hydrodynamic boundary layer will be small. The 
ratio of the thermal gradient at the solid liquid 
interface in the liquid, G, and the growth rate, R, 
is small at the onset of the solidification in the 
bulk, and approaches zero, due to the interac- 
tion of thermal diffusion fields of the individual 
particles, as these grow and become more 
numerous. This condition leads to the sugges- 
tion, that solid growth will be cellular. In a 
following paper [6], these arguments are dis- 
cussed in greater detail. 

5. Conclusions 
1. The stircast structure is non-dendritic at all 

applied cooling rates; it is finer at high cooling 
rates. 

2. The rotational speed of the stirrer does not 

Figure 9 Structures of unstirred samples. (a) Maximum cooling rate, solidification time 9 sec. (b) Natural cooling rate, 
solidification time 380 sec. 
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influence the cell-spacing, and does not have a 
significant effect on the particle size distribution, 
nor on the number of  particles per unit volume. 

3. The stircast structure shows typical charac- 
teristics of the cellular morphological type of 
growth in the rosette-type particles, and in par- 
ticles consisting of radially grown cells. The 
observed increase in the cell-spacings is in agree- 
ment with cellular growth, as this is a more 
stable morphological type of growth. 
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